Crystal structures of the NaLnF 4 materials (Ln = La, Ce, Pr, Nd, Sm or Gd) were studied with synchrotron single-crystal and powder diffraction. The materials with Ln = La, Ce, Nd, Sm and Gd have the average β structure (P6, Z = 1) with partial ordering of the cations. A new type of a superstructure due to ordering of the cations and vacancies was found in NaPrF 4 (P3, Z = 6). It could be described using the group-subgroup relationships P6 ↔ P3. Our observations suggest that the β structure is unstable and that the ordering is a slow process at ambient conditions. Upon compression, β-NaNdF 4 , β-NaGdF 4 and the superstructure NaPrF 4 are stable to at least 8 GPa with no evidence for any pressure-induced disorderorder phenomena.
Introduction
The most efficient host material for green and blue upconversion known to date is hexagonal NaYF 4 doped with lanthanides. 1 It is widely used, for instance, in optical fibers, solar cells and immunoassay detectors. Different synthesis methods and upconversion processes in the bulk, nanocrystalline and colloidal materials have been extensively studied over last decades. Efficient upconversion is also observed in various other MXF 4 host lattices (M = Li, Na or K; X = rare earth or Y).
The high efficiency of the upconversion in the NaXF 4 compounds is related to the multisite character of their crystal structure. [1] [2] [3] The structure of the NaXF 4 compounds at room temperature, i.e., of the β polymorphs, is described in space group P6. 4 . The third cationic site [WP2h] with an irregular octahedral coordination is only half occupied by Na + . The cationic disorder is expressed by diffuse layers perpendicular to c*, which show a honeycomb-like intensity distribution in the (a*,b*) plane. 2 The diffuse scattering was interpreted as due to the presence of columns of cations in the structure, which are characterized by translational order along the c direction, while these columns show a disordered arrangement in the (a,b) plane. In addition, one of the fluorine atom positions is displaced away from the Na + ion towards the X 3+ ion with respect to the Wyckoff position 1f.
It was shown that the β phases with Y and heavier lanthanides transform to the fluorite-type α structure (space group Fm3m) at about 900-1000 K. 5 The transition temperature depends on the size of the X 3+ cation. In contrast to the hexagonal phases, where partial ordering of the cations exists, the cubic α phases are characterized by complete cationic disorder.
Previously, we investigated LiYF 4 , 6 LiGdF 4 , 7 and LiLuF 4 8 scheelite host lattices at high pressures. Their crystal structure (space group I4 1 /a) with a complete ordering of the cations is derived from that of fluorite. Their actual behaviour is closely related to the radii of the X 3+ cations. In LiYF 4 , apart from the scheelite → fergusonite transformation at about 11 GPa, another structural transformation above 17 GPa to an undetermined phase was detected. 6 LiGdF 4 scheelite decomposes above 11 GPa. 7 At 10.7 GPa, LiLuF 4 reversibly transforms to the fergusonite structure. 8 No other phase transition is observed up to 19.5 GPa.
To our knowledge, the only published studies on the highpressure structural behaviour of the NaXF 4 compounds so far are those on NaYF 4 , in which high-pressure synchrotron powder diffraction experiments were performed both on the cubic and the hexagonal polymorphs. 9, 10 In the β polymorph, a pressureinduced phase transition at about 20 GPa involving subtle changes in the diffraction pattern was observed. 9 However, no reliable result concerning the space group symmetry and structure of the high-pressure phase could be obtained, and both the gagarinite (space group P6 3 /m) 11 and β-Na 2 ThF 6 (space group P321) 12,13 structures were suggested as possible candidates for the high-pressure polymorph. Luminescence measurements on β-NaYF 4 :Er
3+
,Yb 3+ demonstrated that the upconversion is still highly efficient on compression to 30 GPa due to the stability of the multisite structure. 3 The high-pressure studies on α-NaYF 4 documented a phase transition above 10 GPa to a new polymorph, which seems to be of the gagarinite type (P6 3 /m) with partial ordering of the cations. 10 The occurrence of the phase transitions in both polymorphs implies a change of the degree of cationic (dis)order under pressure. 9, 10 In this study we are interested in further structural investigations of the β-NaLnF 4 compounds (Ln = La, Ce, Pr, Nd, Sm or Gd) at ambient and high pressures using synchrotron radiation. The high brilliance of synchrotron radiation has the advantage of improved peak-to-background ratio. It facilitates the detection of weak reflections that are difficult to be observed on a home diffractometer. In addition, the use of synchrotron radiation allows measurements at higher energies when compared to the laboratory sources and thus facilitates access to a larger fraction of the reciprocal space in the high-pressure single-crystal experiments using diamond anvil cells.
Experimental
The crystals were grown by the Czochralski method by JeanYves Gesland (Le Mans, France). The ones with La, Ce, Pr, Sm and Gd were previously studied with vibrational spectroscopy by Lage et al.
14
The synchrotron experiments at ambient (λ = 0.3978 Å) and high pressures (λ = 0.4000 Å) were performed on the beamline D3 at HASYLAB (Hamburg, Germany) equipped with a HUBER four-circle diffractometer and a marCCD165 detector. The sizes of the crystals were approximately 30 × 50 × 60 μm. The high-pressure single-crystal data were collected in the Ahsbahs 15 and Boehler-Almax 16 diamond anvil cells at room temperature. For all the single-crystal measurements, the intensities were indexed and integrated using the program XDS. 17 A numerical absorption correction was applied to all datasets with the program Jana2006. 20 Further data treatment was carried out according to the procedures described by Friese et al. 18 and Posse et al. 19 Structure refinements were carried out with the program Jana2006. 20 ‡ Powder X-ray measurements at high pressures and room temperature were also carried out using the same diffractometer and detector on the beamline D3. A finely ground sample of β-NaNdF 4 was loaded into the Boehler-Almax 16 diamond anvil cell for powder experiments with monochromatic radiation at 0.4 Å. The images were integrated with the program FIT2D to yield intensity versus 2θ diagrams. 21 A fluorite powder was added as an internal standard for the 2θ calibration at each pressure through the CaF 2 equation of state. 22 During all the high-pressure experiments, a 4 : 1 mixture of methanol and ethanol was used as the pressure medium and the ruby luminescence method 23 was used for pressure calibration.
Results and discussion

Ambient pressure
The datasets for Ln = La, Ce, Nd, Sm and Gd measured at ambient pressure can be indexed with unit cells of approximately a ∼ 6.1 Å and c ∼ 3.8 Å. 2 On the other hand, in the dataset for NaPrF 4 , weak superstructure reflections are observed. These additional reflections can be indexed with a large unit cell with a = 10.617(1) Å and c = 7.499(5) Å. The transformation from the average structure to the larger superstructure cell is given by the relationships a super = 2a + b, b super = −a + b, and c super = 2c. For the atomic coordinates an additional origin shift of (2/3,1/3,0) has to be taken into account. For the datasets which can be described using the small unit cell (Ln = La, Ce, Nd, Sm and Gd), averaging of the data with different point group symmetry suggested the space groups corresponding to Laue symmetry 6/m or 3. No systematic extinctions were observed implying space groups P3, P3, P6, P6 or P6/m. Trial refinements were carried out in all these space groups using the atomic coordinates from ref. 2 as a basis for the starting models. According to the Hamilton tests 24,25 the space group P6 was superior in each case in agreement with the earlier investigations. 2 As twinning is very common in fluoride compounds 12, 26, 27 and space group P6 allows for merohedral twinning of the type II, the corresponding twin models were checked in all the datasets. However, in none of the twin refinements was a second twin individual with a significant volume fraction observed.
In the refinements, all atoms were treated anisotropically in the average β structures at ambient pressure. Coordinates and displacement parameters of Na and the respective rare earth ion occupying the same position were restrained to be equal. Initially, the occupational parameters of the two ions were refined. However, the occupations did not show a significant deviation from the ratio of 1 : 1 so that the ideal values were fixed in all the final refinements. Tables 1-3 present all the experimental details and the results of our final refinements of the average structures at ambient conditions. The distances Ln-F and (Na,Ln)-F along the series of atoms Ln = La, Ce, Pr, Nd, Sm and Gd are shown in Table 3 .
The data set for NaPrF 4 was first refined assuming the average β structure (Tables 1-3 ). For the superstructure, internal agreement factors are better for Laue symmetry 3 than for 6/m. Trial refinements of the models obtained from the group-subgroup relationships with respect to the average structure in P6 were performed in different corresponding space groups (P3, P3, P6, P6 and P6/m) and the results were compared with Hamilton tests. 24, 25 In this case, space group P3 led to the best result. The symmetry reduction P6 → P3 from the average β structure to the superstructure involves the loss of a 2-fold rotation around the c axis. The introduction of this symmetry operation as an additional twinning element considerably improved the overall agreement factor, which lowered more than 5%. The refined volume fractions for both individuals in the final refinement are 0.499(2) and 0.501 (2) .
To avoid correlations, the displacement parameters of the atoms, which are equivalent in the average structure and related by pseudo-centering operations, were restricted to be equal. The pseudo-centering operations were defined as local symmetry operations. The initial refinement demonstrated that the atomic positions with mixed occupancies of Na + and Pr 3+ , with the only exception of the Na2f/Pr2f position, showed no significant deviations from the ideal positions. Consequently these atoms were fixed to the ideal positions. The introduction of these positional restraints did not have a significant effect on the overall ‡ Further details of all the crystallographic investigations at ambient and high pressures can be obtained from the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopoldshafen, Germany, on quoting the depository numbers CSD 424379-424393. agreement factor, but it considerably reduced the errors of the refined parameters. However, in the case of the atomic positions Na2f/Pr2f, the difference Fourier synthesis clearly revealed additional maxima, so that for these two atoms the positional parameters were refined independently. All displacement parameters for the Na + and Pr 3+ , which occupy the same Wyckoff position, were restrained to be equal.
The occupational parameters of each pair of atoms Na/Pr were allowed to vary freely with the only restriction that their sum would be equal to the ideal occupancy. The overall composition Table 1 Experimental details for β-NaXF 4 with the average structure at ambient pressure -space group P6, Z = 1
Crystal data a (Å) 6.180 (1) (11) as resulting from the refinement, Na 1.496 Pr 1.504 F 6 , is within errors identical to the ideal value of Na 1.5 Pr 1.5 F 6 . A detailed analysis of the superstructure in NaPrF 4 with space group symmetry P3 (Tables 4-7 and Fig. 1 ) reveals the following: § (1) For the atomic positions which are fully occupied by Pr 3+ , the displacements from the ideal positions resulting from the transformed average structure are very small (the maximum displacement is less than 0.04 Å).
(2) For nearly all the atomic positions which are occupied by both Pr 3+ and Na + , there are no significant deviations from the ideal positions which result from the transformation of the average structure using the group-subgroup relationship. However, for the pair Na2f/Pr2f, two slightly different atomic positions have to be introduced: the Pr 3+ position coincides with the 3-fold axis, while the Na + position is slightly displaced from the 3-fold axis.
(3) In the β average structure, the position [WP1f ] which incorporates both Na + and Pr 3+ shows occupation probabilities of 0.5 : 0.5. In the superstructure, this position splits into six positions, all of them with mixed occupancies. Three of them are predominantly occupied by Pr 3+ , the other three are predominantly populated by Na + . For all of them, the sum of the occupation probabilities, occ(Na) + occ(Pr), was restrained to be 0.3333, i.e., to the full overall occupation. However, no restrictions were introduced which relate the individual positions. Still, Table 3 Selected distances (Å) in β-NaXF 4 (X = La, Ce, Pr, Nd, Sm, and Gd) with the average structure at ambient pressure -space group P6, Z = 1 4 (Na2,La2) −F1 (6×) 2.566(3) NaCeF 4 (Na2,Ce2) −F1 (6×) 2.545(3) NaPrF 4 (Na2,Pr2) −F1 (6×) 2.531(3) NaNdF 4 (Na2,Nd2) −F1 (6×) 2.509(3) NaSmF 4 (Na2,Sm2) −F1 (6×) 2.473(8) NaGdF 4 (Na2,Gd2) −F1 (6×) 2.440(6) NaLaF 4 (Na2,La2) −F2 (3×) 2.424(3) NaCeF 4 (Na2,Ce2) −F2 (3×) 2.417(3) NaPrF 4 (Na2,Pr2) −F2 (3×) 2.409(3) NaNdF 4 (Na2,Nd2) −F2 (3×) 2.400(3) NaSmF 4 (Na2,Sm2) −F2 (3×) 2.391(8) NaGdF 4 (Na2,Gd2) −F2 (3×) 2.363(5) Table 7 gives an overview over the refined occupational parameters and bond valence sums for the Pr 3+ and Na + cations. (4) In the β average structure, the Wyckoff position WP2h is only half occupied by Na + . The Na + atomic positions are arranged in layers perpendicular to c at height z ∼ 0.17 and 0.67. Taking into account the relevant group-subgroup relationship, this position splits into four symmetrically independent positions in the superstructure with space group symmetry P3. In the superstructure only two of them are fully occupied, the remaining two positions are completely empty, i.e., an ordered distribution of Na atoms and vacancies exists. In other words, a layer of fully occupied Na + positions and a layer of vacancies alternate perpendicular to the c direction.
(5) For the atomic positions which correspond to the F1 and F2 positions in the average structure, deviations from the ideal positions are relatively small (0.121 Å for F1 and 0.201 Å for F2), yet significant.
Mean interatomic distances between the cations and oxygen atoms in the superstructure show small deviations from the ones in the average P6 structure. For the cationic positions which are fully occupied by Pr, the mean Pr-F distances are 2.443(8) Å (Pr1a) and 2.411(8) Å (Pr1b) in the superstructure as compared to 2.426(4) Å in the average structure. For the cationic positions which are exclusively occupied by Na, a larger change is observed. While the mean distance in the average structure is 2.379(6) Å, the mean distance in the superstructure is significantly shorter −2.34(1) Å for Na1b. The average Na-F distance for Na1a remains essentially the same at−2.37(1) Å.
The mean distance between the oxygen atoms and the Na and Pr cations at the mixed sites (Pr2/Na2) is 2.490 (3) Å in the average structure, where the overall occupation is given by 50% of Pr and 50% of Na. As mentioned above, a part of the corresponding positions incorporate preferentially Pr, while others incorporate preferentially Na in the superstructure. As can be seen from Fig. 2 , this is reflected in the mean distances in the superstructure as the mean (Pr2,Na2)-F distances correlate with the Pr 3+ content (in %) at the cationic sites. For comparison, the values of the Pr1-F and Na1-F distances for the sites with 100% and 0% of Pr 3+ , respectively, are also shown. ¶ As can be seen, the mean distances clearly decrease with increasing Pr 3+ content. The superstructure of NaPrF 4 at ambient pressure has a higher degree of order than the average β structures. Our observations on the cation ordering within the superstructure can be compared with the modeling of diffuse scattering. 2 As pointed out by Aebischer et al., the diffuse scattering at l(2n + 1)/2 is very sharp along c* and can be explained by a real structure with translational order of Na + and Ln 3+ at the position [WP1f ] (2/3,1/3,1/2) in the average structure, meaning that the two cations alternate in the direction of c. The ordered columns are disordered in the (a,b) plane. The intensity distribution in the (a*,b*) plane can be modeled assuming a negative correlation between neighboring columns, i.e., a column with Ln 3+ at a given value of z will be preferably surrounded by columns with Na + at the same z value. Within our superstructure, six symmetrically independent cationic positions correspond to this z position. For all of the corresponding columns, a partial ordering in the direction of c can be observed. For four of these positions (2a-2d at x = ±1/3, y = ±1/3), the cationic position at z ∼ 0.25 is preferentially occupied by Na + (approximately 66% of Na + and 33% of Pr 3+ ), while the situation is reversed for the position at z ∼ 0.75. However, for the remaining 2 positions at x ∼ 0 and y ∼ 0, a higher degree of order is observed and the position at z ∼ 0.25 is occupied by 80% of Pr 3+ , the position at z ∼ 0.75 is populated by about 72% of Na + . In the latter position, Na + is slightly shifted from its ideal position on the 3-fold axis. The negative correlation between neighboring columns as described in ref. 2 is thus fully visible in the superstructure of NaPrF 4 .
It was further pointed out in ref.
2 that, for a satisfactory modeling of the diffuse scattering, the F1 atoms have to be slightly shifted towards the trivalent rare earth cations in these columns. This is in good agreement with our refined superstructure of NaPrF 4 as the mean (Na,Pr)-F distances show a strong correlation with the respective occupation probabilities (Fig. 2) . It should be noted in this context that the F2 atoms are also shifted towards the trivalent cations. This is reflected in the shorter cation-F2 distances when the sites are preferentially occupied by Pr 3+ (Table 6 ) The ordering of Na1 -the position [WP2h] (1/3,2/3,z) in the average structure and the position (2/3,2/3,z) in the superstructure (Fig. 1) -was, however, not considered in ref. 2 at all. In fact, the possibility of a partial or complete ordering of Na1 is not taken into account in the discussion of the diffuse scattering by Aebischer et al., although it plays an essential part in the formation of the superstructure.
High-pressure data Fig. 3 shows the pressure dependence of normalized lattice parameters and unit-cell volumes for β-NaGdF 4 and the superstructure NaPrF 4 from the single-crystal data and for β-NaNdF 4 from the powder data. All three materials are stable in the pressure range investigated here. Each of them is more compressible along the a axis. Their P-V compression data could be fitted 3 , respectively. The differences in the bulk moduli are due to differences in the axial compressibilities in the c direction. Overall, these materials are more compressible than β-NaYF 4 for which B 0 = 87 GPa. 9 It is remarkable that the hexagonal metrics of the β-NaLnF 4 compounds at ambient conditions can be converted into a pseudocubic one using e.g. the relationship a cubic = 1/3a hex − 1/3b hex + 2/3c hex , b cubic = 1/3a hex + 2/3b hex + 2/3c hex , c cubic = −2/3a hex − 1/3b hex + 2/3c hex . In particular, the deviations from the cubic metrics are minimal for the average structure of NaPrF 4 : a cubic = 4.333 Å and α = 90.05°, β = 89.96°, γ = 89.96°. At 0.71 GPa, Fig. 2 Mean Pr-F distances in the Pr2F 9 polyhedra of the superstructure NaPrF 4 as a function of the Pr 3+ content at ambient pressure. For comparison, the Pr1-F and Na1-F distances in the Pr1F 9 and Na1F 6+3 polyhedra, respectively, are also indicated (open symbols). 18 ¶ The Na1-F distances discussed here include not only the six nearest fluorine neighbors of Na but also the next three fluorine atoms at considerably larger distances. the metrics is even exactly cubic: a cubic = 4.321 Å and α = β = γ = 90.00°. Only at higher pressures is a significant deviation observed: a cubic = 4.233 Å and α = β = γ = 89.68°at 6.16 GPa. For NaGdF 4 , the metrics, which shows a significant deviation from the cubic one at ambient pressure (a cubic = 4.237 Å, α = 89.08°, β = 90.92°, γ = 89.08°), evolves in such a way that the deviations from the cubic metrics get smaller at higher pressures: a cubic = 4.134 Å, α = 90.69°, β = 89.31°, and γ = 89.31°at 6.16 GPa.
All the high-pressure single-crystal data (Tables 8-13) were refined assuming the model of the average β structure -the Na + and the rare earth ions were treated anisotropically while the fluorine ions were treated isotropically. As can be seen from Tables 9 and 12 , changes in the atomic coordinates as a function of pressure are very small and hardly significant. An inspection of Tables 10 and 13 reveals that the bulk compressibility of the average structure predominantly results from the contraction of the distorted octahedra around the Na1 atoms. Trials to refine the superstructure NaPrF 4 on compression were unsuccessful as the adjustment of the weak superstructure reflections failed. We ascribe this to the fact that at high pressures the enhanced background due to the components of the diamond anvil cell falsifies the intensities of the weak reflections in this material so strongly that their measured values are not reliable. However, we did not observe that the visible superstructure reflections vanish or decrease in intensity, nor did we see any new reflections appear when pressure is increased. Hence, we did not find any indication that the superstructure is unstable with respect to pressure-induced ordering of the cations in the conditions studied here. Such a behavior is similar to that of β-NaYF 4 , which is stable to about 20 GPa. 9 
Conclusions
We studied the NaLnF 4 materials (Ln = La, Ce, Pr, Nd, Sm and Gd) using synchrotron single-crystal diffraction. The compounds with Ln = La, Ce, Nd, Sm, and Gd crystallize in the β structure previously reported. 2, 9, 14 A new type of superstructure due to partial ordering of the Na + and Pr 3+ cations as well as of vacancies is observed in NaPrF 4 . The structural model could be derived on the basis of group-subgroup relationships P6 ↔ P3. The high-pressure studies using synchrotron powder and singlecrystal diffraction in diamond anvil cells at room temperature demonstrate that β-NaNdF 4 and β-NaGdF 4 as well as the superstructure NaPrF 4 are stable on compression to at least 8 GPa.
Several of the crystals studied here (Ln = La, Ce, Pr, Sm, and Gd) came from exactly the same synthesis batches that were previously investigated with vibrational spectroscopy by Lage et al. in the year 2005, 14 who did not detect any spectral features that contradict the model of the average β structure. This observation might thus imply that the average β structure is in fact unstable and that the ordering of the cations and vacancies is a slow process at atmospheric pressure. If so, order-disorder transformations would have a profound influence over the luminescent properties of these materials when doped. One might speculate that further disorder-order transformations of the superstructure NaPrF 4 presented here might follow the group-subgroup relations. Therefore, the whole issue of ordering of the cations and vacancies in the NaXF 4 materials requires further investigations. 
